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Abstract 
Inductively coupled plasma (ICP) system with the adjustable distance (d) between the inductance coil and substrates was 
designed to effectively utilize the spatial confinement of ICP discharge, and then control the gas-phase transport process. The 
effects of the distance on the microstructures and optical properties of silicon films were systematically investigated in our work. 
The investigation was conducted in the ICP-chemical vapor deposition process with a mixture of SiH4/H2 as the source gas at a 
low temperature of 240 °C. Characterization of the films with X-ray diffraction and Raman spectroscopy revealed that the 
crystallinity and crystallite size firstly increased and then decreased with increasing the distance. The maximum was reached at 
the distance of 5 cm. By SEM measurements, the film morphologies were shown to be consistent with the XRD and Raman 
analysis results. The Fourier transform infrared (FTIR) spectroscopic analysis showed the hydrogen was predominantly 
incorporated in the silicon films in the mono-hydrogen (Si–H) bonding configuration. With increasing the distance, the hydrogen 
content in the silicon films exhibited similar behavior with crystallinity of silicon films. Based on the results, a gas-phase 
transport process was suggested for the deposition of silicon films in ICP-CVD system. Furthermore, the Tauc’s optical band gap 
achieved the maximum of 1.68 eV with the distance of 5 cm. Besides the effect of hydrogen content, the quantum size effect 
might also be responsible for higher band gap in crystalline silicon films. 
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1. Introduction 
Low-temperature crystalline silicon films have attracted much attention due to the possibility of large-area 
deposition, low cost and excellent photoelectric properties for large-area electronics such as solar cells, thin-film 
transistor arrays of liquid crystal displays and image sensors [1-6]. The so-called “low temperature” is normally 
referred to the transition temperature of glass (577 °C) or the temperature of the hydrogen effusion maximum (600 
°C) [7]. Besides the feasibility of the usage of glass substrates, another merit of low-temperature deposition is that 
the boundaries of the grains can be effectively passivated by atomic H during the preparation process. In general 
crystalline silicon films can be synthesized by the re-crystallization of a-Si:H films and direct deposition. The 
recrystallization technique includes rapid thermal annealing (RTA) [8], laser-melt re-crystallization (LMR) [9] and 
aluminium-induced crystallization [10]. However, these methods have difficulties in accurate control of crystalline 
size and crystalline fraction. In addition, post annealing at temperatures over 1000 °C is generally required for the 
crystallization of silicon nanoparticles. Such high annealing temperature inevitably limits its further applications in 
opto-electronic devices. On the other hand, to date, many efforts have been made to directly grow crystalline silicon 
films at low temperatures by a variety of direct chemical vapour deposition (CVD) techniques including plasma 
enhanced CVD (PE-CVD) [11], very high frequency glow discharge (VHF-GD) [12], electron cyclotron resonance-
CVD (ECR-CVD) [13], hotwire-CVD (HW-CVD) [14] and inductively coupled plasma CVD (ICP-CVD) [15,16]. 
Among these techniques, ICP-CVD has obvious advantages in the deposition of low-temperature crystalline silicon 
films: low plasma potential, low electron temperature, high electron density (~1012 cm-3 at 10 mTorr), spatial 
confinement of discharge and the simplicity of the configuration [15-17]. In preparation of crystalline silicon films 
by ICP-CVD method, the effects of various deposition parameters such as SiH4 dilution ratio, working pressure, 
input power and growth temperature on the structure and optical properties of the films have been intensively 
studied. However, there is little information about the effects of the distance between the inductance coil and 
substrates in the system. It is believed that the distance is also a critical parameter to determine the deposition and 
the properties of crystalline silicon films through controlling the gas-phase transport process and is worthy to carry 
out a thorough study. 
In this paper, we systematically investigated the effects of the distance between the inductance coil and substrates 
on the structure and optical properties of silicon films prepared by ICP-CVD at low temperature of 240 °C. The 
microstructures of the films were characterized by X-ray diffraction, micro-Raman spectroscopy and scanning 
electron microscope (SEM). Compositional chemical analysis of the films was performed by Fourier transform 
infrared (FTIR) spectroscopy. The results showed that the crystallinity and hydrogen content of the films reached 
the maxima at the distance of 5 cm simultaneously. Based on the results, we proposed a gas-phase transport process 
for the deposition of silicon films in ICP-CVD system. In addition, the optical band gaps were obtained directly 
from the measured transmission spectra by Tauc plot using linear extrapolation method. Not only hydrogen content 
in films but also the quantum size effect might be responsible for higher band gap in crystalline films prepared at the 
distance of 5 cm. 
2. Experimental details 
The plasma was generated by a built-in one-turn inductance coil (10 cm in diameter) made of a copper tube with 
a 13.56 MHz rf source. Water was fed in to cool the copper tube in the deposition process. The input power was 300 
W. The SiH4 dilution ratio and total working pressure were controlled by regulating the flow ratio of F SiH4/ FH2and 
total flow rate. Here they were fixed at 10% and 20 Pa, respectively. In order to achieve high-density and 
homogeneous plasma, the inductance coil was coated with a layer of 0.1-cm-thick fiberglass as an insulator. The 
base vacuum was 1×10-3 Pa. In order to ascertain the importance of the distance between the inductance coil and 
substrates, silicon films were deposited on two kinds of substrates, glass and silicon wafer, to content the need of 
different test means at a temperature of 240 °C with a series of distance: 3, 4, 5, 6 and 7 cm. The microstructures of 
the films were characterized by X-ray diffraction (XRD) (Rigaku D/Max-rC, Cu Ka source), micro-Raman 
spectroscopy (Jobin-Yvon HR 800 with the excitation wavelength of 532 nm), scanning electron microscope (JSM-
6701F) and Fourier transform infrared (FTIR) spectroscopy (IFS 66V/S). The optical transmission measurements 
were performed in a range of 400-2500 nm by means of a double-beam ultraviolet-visible-near infrared 
spectrometer (Perkin Elmer Lambda 950).  
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3. Results and discussion 
Fig. 1 shows the typical XRD spectra of the silicon films deposited with the distance of 3, 4, 5, 6 and 7 cm, 
respectively. Peaks of XRD corresponding to the Si (111), (220) and (311) planes are located at about 28.3º, 47.3º 
and 55.9º, respectively. All the (111), (220) and (311) peaks appear in the XRD patterns of samples deposited at the 
distance of 5 and 6 cm. In addition, it is noted that the observation of smaller height of the (220) peak than that of 
the (111) peak indicates the crystallites of the samples are more preferentially <111> oriented. The other samples 
exhibit amorphous phase. The XRD study indicates that with increasing distance the crystallinity firstly increase and 
then decrease. The average crystallite size of the silicon films from the width of (111) diffraction peak by Debye-
Scherrer formula reaches the maximum of ~16 nm with the distance of 5 cm. The crystallite size in the film 
deposited at the distance of 6 cm is ~15 nm. 
 
 
FIG. 1. The typical XRD spectra of the silicon films with the distance of 3, 4, 5, 6 and 7 cm, respectively. 
In order to get more information about the structure of the films, we show in Fig. 2 the Raman spectra of these 
samples with different distance of 3, 4, 5, 6 and 7 cm as marked in the figure. The position of the characteristic 
peaks located in the range 480-520 cm-1, depicting the physical phase of silicon materials, and the full-width at half-
maximum (FWHM) are summarized in Fig. 3. It can be seen that, as the distance increases from 3 to 5 cm, the peak 
position shift towards higher wave number and the FWHM decrease gradually. Furthermore, as depicte d in Fig. 2, 
with the distance of 5 cm, a sharp Raman peak centered nearly at 520 cm-1 is present, which is attributed to the 
transverse optical (TO) phonon mode in c-Si [18,19]. As further increasing the distance from 5 cm to 7 cm, the 
crystallinity begin to degrade. The crystallinity can be estimated from Raman spectra. The crystalline volume 
fraction defined as  
)()( 480510520510520 IIIIIX C V                                                              (1) 
was deduced by deconvolution of the spectra into three Gaussian components as shown in the inset of Fig. 2 
schematically: amorphous component (centered at 480 cmí1), nanocrystalline component (centered at 510 cmí1), 
and crystalline component (centered at 520 cmí1) [15,18,19]. WhereI480, I510 and I520 are integrated intensities of the 
peaks at 480, 510 and 520 cm-1, respectively, and ı is the ratio of the integrated Raman cross section for a-Si to c-Si. 
For a small grain size, we can take the correction factor as unity (ı§1). The crystalline volume fraction is plotted in 
Fig. 4 as a function the distance. It is noted that Xc increases with increasing distance and reaches the maximum of 
88% for silicon films with the distance of 5 cm and then decreases, which is consistent with the above-discussed 
XRD results. As calculated from Raman spectra [20], the crystalline size is 6.10 and 5.83 nm for the films deposited 
at the distance of 5 and 6 cm, different from those determined from the XRD spectra. The difference in the measured 
crystallite size using Raman spectroscopy and XRD can be due to the different detection sensitivity of 
characterization techniques. However, it is important to note that the crystallite size determined by both techniques 
at the distance show same trend. 
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FIG. 2. Raman spectra of silicon films with the distance of 3, 4, 5, 6 and 7 cm, respectively. The inset is a decomposed Raman spectrum 
 
FIG. 3. Peak position and FWHM of the Raman spectra of the films as functions of the distance. The films were deposited at different distance of 
3, 4, 5, 6 and 7 cm, respectively. 
 
FIG. 4. The crystalline volume fraction as function of the distance. 
To obtain more information about the microstructure, we performed the SEM measurements for silicon films 
obtained at different distance of 3, 4, 5, 6 and 7 cm. As depicted in Fig. 5, the grain size gradually increases when 
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the distance increases to 5 cm. With further increase of the distance to 7 cm, the grain size decreases. The film 
morphologies observed by SEM micrographs are consistent with the XRD and Raman analysis results.  
 
FIG. 5. SEM images of silicon films with the distance of 3 (a), 4 (b), 5 (c), 6 (d) and 7cm (e), respectively. 
FTIR spectroscopy of typical silicon films prepared by ICP-CVD with different distance is shown in Fig. 6. For 
clarity the spectra have been offset vertically. As seen from the spectra, the films at different distance totally have 
major absorption bands near 620 and 2000 cm-1, which correspond to the wagging/stretching modes, respectively, of 
vibrations of mono-hydrogen (Si-H) bonded species [21, 22]. These results indicate that the hydrogen bonding in 
films with different distance is mainly Si-H bonded species. In addition, with increasing the distance to 5 cm, the 
intensity of absorption band at near 620 and 2000 cm-1 increase at the same time. And then, the intensity decrease as 
further increasing the distance. As a result, the bonded hydrogen content in silicon films exhibits similar tendency 
with the intensity of 620 cm-1 band together with 2000 cm-1 band. 
 
 
FIG. 6. The FTIR spectra of silicon films with the distance of 3, 4, 5, 6 and 7 cm, respectively. 
Here, the crystallization results will be tentatively interpreted based on the unique properties of ICP used in our 
experiment. As the promising plasma, ICP has some unique characteristics mentioned above. For the ICP 
configuration used in this experiment, the plasma was generated by the built-in one-turn inductance coil and 
confined around that coil. Accordingly, the gas-phase transport can be easily controlled by adjusting the distance 
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between the substrate stage and the inductance coil plane in the appropriate range of gas pressure. Due to the high 
activity and short lifetimes of SiHx (0x2) and ions, when the distance is short, they can easily diffuse onto the 
growing surface because of insufficient time to collide and react with SiH4 and other heavy silicon-contained 
radicals degrading the film quality. As the distance is long enough, the concentrations of SiHx (0x2) and ions can 
be effectively reduced by the reactions with SiH4 or other precursors to form high silanes in the transport process 
from the plasma region to substrates. As schematized in Fig. 7, ions and SiHx (0x2) collide with SiH4 to form 
high reactive silane radicals, SimH2m+1 (m2). In addition, the reaction, 
                                                     SimH2m+1 + SiH4ĺSi Hm 2m+2 + SiH3,                                                                    (2)  
changes the reactive SimH2m+1 (m2) to nonreactive high silanes, Si Hm 2m+2 (m2), and meanwhile produces more 
SiH3 radicals. In consequence, the low reactive SiH3 diffuse onto the growing surface to form the ordered crystalline 
silicon network. That might be why the crystallinity of the resultant silicon films increases with the increase of the 
distance in the range of 3–5 cm. As shown in Fig. 7, with further increase of the distance, the crystallinity would be 
degraded because of low reactive SiH3 and H coverage ratio of the growing surface as well as relative low etching 
speed of atomic H to the weakly bonded amorphous silicon network. 
 
 
FIG. 7. Schematic of the gas-transport process from plasma to substrates in the ICP-CVD process. 
 
FIG. 8. The variation of band gap as a function of the distance for silicon films deposited at different distance of 3, 4, 5, 6 and 7 cm.
The optical band gaps Eg are derived directly from the original transmission spectra by Tauc plot using linear 
extrapolation method through the following equations: 
 tWT D exp                                                                                  (3) 
 2g
hv
a EhvB  D                                                                               (4) 
where T is the total transmission of the sample, D is the absorption coefficient, W is found to be nearly unity at the 
absorption edge [23], Eg is the optical band gap and BBa is a constant coefficient. Combining Eq. (4) (setting W=1) 
with Eq. (5), we get the following relationship: 
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Since t is a constant independent of the determination of Eg, we simply set all t=1 ȝm for the five films to 
extrapolate E in strong absorption regions [22]. Fig. 8 shows the variation of optical band gap (Eg g) as a function of 
the distance between the inductance coil and substrates for silicon films prepared by ICP-CVD. As seen from the 
figure, Eg of silicon films increases from 1.51 to 1.68 eV as the distance increases from 3 to 5 cm and then is 
followed by a decrease with further increase of the distance. Normally, the band gap of silicon films is mainly 
determined by the hydrogen content in the films [24]. In fact, it increases with increase in hydrogen content in the 
films [25]. However, the increase of band gap of silicon films is also observed with decrease in hydrogen content in 
[26]. Thus, only the number of Si–H bonds or hydrogen content in the film cannot efficiently account for band gap 
for silicon films. The higher band gap in crystalline silicon films may be also due to the quantum size effect. The 
presence of nanocrystals lowers the absorption in the film and shifts the transmission curve towards higher photon 
energy. Combining the two effect factors, we obtain the maximum of band gap for silicon films with the distance of 
5 cm, with highest hydrogen content and small crystalline size. By now, there are still enormous difficulties in 
making the quantum effect sufficiently. 
4. Conclusion 
In conclusion, we studied the effects of the distance between the inductance coil and substrates on the 
microstructures of silicon films, deposited in ICP-CVD system at a low temperature of 240 °C. By analyzing the 
microstructures of silicon films using X-ray diffraction, micro-Raman spectroscopy, scanning electron microscope 
(SEM) and Fourier transform infrared (FTIR) spectroscopy, it was found that the crystallinity and crystalline size 
reach the maxima of 88% and 6.10 nm at the distance of 5 cm as well as hydrogen content in films. As a 
consequence, we tentatively proposed a gas-phase transport process for the deposition of silicon films in ICP-CVD 
system on the basis of the results. In addition, the optical band gaps were obtained directly from the measured 
transmission spectra by Tauc plot using linear extrapolation method. Higher band gap in silicon films prepared at the 
distance of 5 cm might due to higher hydrogen content together with the quantum size effect. 
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